Goal-directed behavior is processed in the dorsomedial striatum. Using a probabilistic reward paradigm, Nonomura et al. (2018) show that indirect pathway neurons signal when an action is incorrect and it is time to switch strategies, while the direct pathway remains active with a correct action.
The evolutionarily conserved basal ganglia have a central role for the control of innate motor programs (e.g., locomotion), learned habits, and goal-directed movements (Graybiel, 2008; Grillner and Robertson 2016) . The dorsolateral striatum is engaged in the control of the former two, while the dorsomedial striatum is involved in the control of ''goal-directed'' movements that are adapted to the dynamic needs of the organism and can change from one moment to another. For a laboratory rat, for instance, whether it should push or pull a lever arm at a given instant. In this issue, Nonomura et al. (2018) explore a contingency push-pull task combined with reward. The task shifts between two conditions with either 20% push and 80% pull or vice versa (thus a probabilistic reward), while the authors investigate the pattern of activity in identified striatal projection neurons of the ''direct'' and ''indirect'' pathway.
The direct pathway projection neurons (dSPNs) express dopamine receptors of the D1R type and directly inhibit the tonically active GABA neurons of the output stage of the basal ganglia, thereby disinhibiting brainstem motor centers. They are related to the initiation of movement (Grillner et al., 2005; Tecuapetla et al., 2016) . The D2R-expressing striatal neurons of the indirect pathway (iSPNs) instead act via the intrinsic basal ganglia nuclei (globus pallidus externa and subthalamic nucleus) to enhance the activity of the basal ganglia output stage, which is inhibitory. The latter pathway is an avenue to stop movements and suppress competing movements. For instance, in the control of locomotion the direct pathway can initiate locomotion, while activation of the indirect pathway has an inhibitory effect (Roseberry et al., 2016) . However, when locomotion is initiated striatal projection neurons of both the direct and indirect pathway are activated (Cui et al., 2013) . At first sight, this seems surprising since they would counteract each other, if targeting the same basal ganglia output neurons. A likely explanation is that the dSPNs are instead engaged in targeting output neurons that act to suppress motor programs that would counteract the primary movement-one cannot turn right and left at the same time (Tecuapetla et al., 2016) .
The direct SPNs signal action and reward. Nonomura et al. record dSPNs and iSPNs in the dorsomedial striatum during goal-directed behavior to elucidate their contribution to the control of the movement. The task shifts between two conditions with either 20% push and 80% pull or vice versa, and if correct the rat receives a reward delivered as a drop of water. They show that dSPNs of the ''direct pathway'' will become activated directly after a GO signal, indicating when to start the movement. The dSPNs show an enhanced continued level of activity until the outcome is signaled by a reward tone, in which case the dSPN activity continues. If another tone signaling ''no reward'' occurs, there will instead be an abrupt cessation ( Figure 1A ). In the former case, the rat will tend to continue with the same movement in the next trial, whereas the converse is true if no reward is received. The dSPN excitation occurring when a reward is signaled, before the actual reward is provided, could be due to dopamine input to the dSPNs, but also from other sources.
What is the information forwarded by the indirect pathway? Neurons of the ''indirect pathway'' will instead show an increased activity if a ''no reward'' is signaled ( Figure 1B) , and it is then more likely that the rat will also switch strategy, e.g., from a push to a pull. From the no reward signal of the iSPNs, a switch of behavior can be predicted. That this activity of the dSPNs and iSPNs is indeed important for the control of the motor action chosen by the rat, rather than just a correlation, is shown by the fact that an optogenetic enhancement of neuronal activity of the direct pathway increases the likelihood that the rat will continue with the same strategy and not switch, whereas the reverse is true if the activity is suppressed. Enhancement of neurons of the indirect pathway will increase the likelihood of a switch of behavior.
There is an added important specificity in that the dSPNs activated at the GO signal will preferentially be activated during either a push or a pull movement, and neurons of the preferred direction will be much more activated by the reward signal, whereas units of the non-preferred direction respond to a much smaller degree during both the GO signal and reward phase ( Figure 1C ). This presumably means that dSPNs activated preferentially during a pulling movement will, via the basal ganglia output neurons, contribute to the initiation of activity in a downstream motor structure, presumably at the brainstem level, which will execute the actual movement. However, the exact identity of the downstream structures remains to be determined, but different specialized brainstem pathways that activate specific motor primitives are now being defined (Arber and Costa, 2018; Esposito et al., 2014) . In the basal ganglia literature, it is often assumed that the signal is conveyed back to cortex, while a substantial part of the circuitry from the basal ganglia controls brainstem motor centers directly. It should be noted that motor cortex is not required for this type of movement, since lever pressing movements can be performed equally well after lesions of the entire motor cortex (Kawai et al., 2015) . Motor cortex may also contribute, if the signals from the output nuclei of the basal ganglia are channeled via thalamus, but perhaps providing complementary signals.
The very interesting finding that the iSPNs are strongly activated when a ''no reward'' signal is issued may be more difficult to account for. We are considering iSPNs that are specifically involved in either a push or a pull movement and specific to a given type of movement, and thus reciprocal to the dSPNs. When a ''no reward'' signal is issued, it will presumably mean a phasic decrease of dopamine signaling. This would mean less activation of the inhibitory D2Rs of the iSPNs and thus less net inhibition. This could translate to a net excitation, since striatum is subject to baseline activity of the dopamine innervation, as well as excitatory input from cortex or thalamus. Whether the dopamine innervation plays a main role is as yet unclear, as well as which other potential factors may be important.
How is the switch mediated? A very interesting result is that the increased ''no reward'' activity of the iSPNs predicts whether a switch of strategy will occur from push to a pull or vice versa. What is the mechanism for this? It could imply a possible interaction at the striatal level between the push and pull ''populations'' or perhaps rather an extrastriatal mechanism, possibly relying on information conveyed via the indirect pathway through thalamus back to cortex.
In conclusion, this extensive and elegant study from the Kimura laboratory (Nonomura et al., 2018) has added important new information regarding the indirect pathway in the control of goaldirected behavior in the dorsomedial striatum. Enhanced activity occurs in the iSPNs when the action fails to produce a reward, and at the same time the signals indicate that the subject will switch strategy. The dorsolateral striatum is more concerned with the control of innate motor programs and learned habits and here the role of the iSPNs may differ. Task   ( A) The activity pattern of a direct pathway striatal projection neuron (dSPN) during a push-pull task. The red trace shows a correct response (reward), and the blue trace an incorrect response (no reward). Upon the GO signal, the neuron becomes activated and remains active until a sound signals if the response will lead to a reward or not. The actual reward occurs with a further delay. Note that after the reward signal, the level of activity remains high, while when there is no reward the activity drops immediately. Redrawn from traces in Figure 2F in Nonomura et al. (2018) . (B) The corresponding data for an indirect pathway neuron (iSPN). Note that directly after the GO signal there is a marked increase of activity that rapidly dies away, while after the no reward signal there is a marked increase from baseline. Redrawn from traces in Figure 2K in Nonomura et al. (2018) . (C) Simplified scheme of the basal ganglia with input from cortex, thalamus, and substantia nigra pars compacta (SNc) to striatum. The intrinsic nuclei of the indirect pathway are indicated (GPe, globus pallidus externa; STN, subthalamic nucleus). The synaptic connectivity is indicated by blue for inhibitory neurons and red for excitatory neurons (STN, cortex, and thalamus). Two separate populations of dSPNs and iSPNs control the push and the pull motion, respectively. The action is mediated by the basal ganglia output nuclei SNr (substantia nigra pars reticulata) and GPi (globus pallidus interna) to the downstream motor circuits.
